Myxozoans are widespread and common endoparasites of fish with complex life cycles, infecting 24 vertebrate and invertebrate hosts. There are two classes: Myxosporea and Malacosporea. To date 25 some 2,500 myxosporean species have been described. By comparison, there are only five 26 described malacosporean species. Malacosporean development in the invertebrate hosts 27 (freshwater bryozoans) has been relatively well studied but is poorly known in fish hosts. Our aim 28 was to investigate the presence and development of malacosporeans infecting a diversity of fish 29 from Brazil, Europe and the USA. We examined kidney from 256 fish belonging variously to the 30 Salmonidae, Cyprinidae, Nemacheilidae, Esocidae, Percidae, Polyodontidae, Serrasalmidae, 31 Cichlidae and Pimelodidae. Malacosporean infections were detected and identified by PCR and 32 SSU rDNA sequencing, and the presence of sporogonic stages was evaluated by ultrastructural 33 examination. We found five malacosporean infections in populations of seven European fish 34 species (brown trout, rainbow trout, white fish, dace, roach, gudgeon and stone loach).
Material and methods 98 A total of 256 fish kidney were screened for the presence of malacosporean DNA. The material we 99 studied was gained by a mixture of general and targeted sampling. The former involved taking 100 advantage of ongoing project work sampling fish in the River Stour (electrofishing) and in Extraction Kit (Geneaid Biotech Ltd., USA) and sequenced. This work was conducted in the 144 Molecular Biology Unit of the Natural History Museum, London (NHM) using the Applied 145 Biosystems 3730xl DNA Analyser for Sanger sequencing. OTUs were compared with SSU rDNA 146 sequence data in GenBank and species identity was based on >99% similarity (Bartošová-Sojková 147 et al., 2014; Bartošová and Fiala, 2011; Whipps and Kent, 2006 ). An alignment of the original 148 SSU rDNA sequences obtained in this study and related species from Genbank (see table 1 for 149 sequence length), was used to produce a pairwise dissimilarity matrix using MEGA 6.0 (Tamura 150 et al., 2011) . called Tetracapsuloides sp. 4); Tetracapsuloides sp. 5 (Bartošová-Sojková et al., 2014) Tetracapsuloides sp. 5 was detected in the kidney of gudgeon from the River Stour at a 194 prevalence of 42.9% (n = 21) (Table 1) . Clear developmental stages of spores were not observed 195 in kidney tubules. 196 Buddenbrockia sp. 2 was detected in 100% (n = 20) of the stone loach specimens sampled from 197 the River Stour (Table 1) . Ultrastructural analysis revealed sporogonic stages and mature spores in 198 kidney tubules ( Fig. 3 A-E) . 199 There was low divergence between the SSU rDNA sequences of the malacosporean species 200 found in this study and the most similar sequences available in Genbank (ranging from 0.1 to 0.3%) 201 (Table 4 ).
202
Sphaerosporid co-infections were identified in four individuals, two dace from Kent and two 203 white fish from Zurich. Both host species have previously been reported with sphaerosporid 204 infections in Europe (El-Matbouli and Hoffman, 1996; Patra et al., 2018) . Rounded sporogonic 205 stages ( Fig. 4 A and D) with an electron-dense material surrounding each early developmental 206 spore stage (black arrows in Fig. 4 A, B , E, F) were observed in white fish and dace. The same 207 electron-dense material was observed forming the hard valves of a mature spore in white fish (Fig. 208 4 C). 209 Malacosporean infections were detected by ultrastructure for material that was positive by PCR 210 in 4 of 33 cases that were examined (see table 3 ). Malacosporeans exploit a diversity of fish hosts 214 Our results demonstrate that a range of fish hosts belonging to different families are used by the 215 two currently recognised malacosporean genera, Tetracapsuloides and Buddenbrockia. Infection of trout by T. bryosalmonae has been known for decades (Kent and Hedrick, 1985) , with many 217 studies demonstrating development in kidney tubules of brown and rainbow trout in the UK and 218 the USA (Kent and Hedrick, 1986; Clifton-Hadley and Feist, 1989; Morris et al., 2000; Hedrick et 219 al., 1993) . T. bryosalmonae has been suggested to infect all salmonid species (Hedrick et al., 1993) 220 but whether all species serve as effective hosts is unclear. The consistent lack of sporogony in 221 exotic rainbow trout in Europe (Grabner and El-Matbouli, 2008; Hartikainen and Okamura, 2015) 222 demonstrates that, although some salmonids are susceptible to infection, they are accidental hosts.
223
Our results suggest that white fish in Switzerland may also serve as hosts of T. bryosalmonae but 224 we were unable to definitively confirm spore production in white fish that were not also infected 225 with sphaerosporids. The prevalences of T. bryosalmonae infections were similar in white fish, 226 brown trout and rainbow trout, although it should be stressed that this observation is based on 227 relatively low sample sizes.
228
Our further studies of Tetracapsuloides spp. were also informative. The presence of sporogonic 229 stages including advanced developmental stages of spores of Tetracapsuloides sp. 4 in kidney 230 tubules in roach from the River Stour, imply that roach is a true host. The prevalence of infection 231 (6.3%) was lower than that reported in a study based on molecular analyses of roach kidney 232 material from the Czech Republic (100%; Bartošová-Sojková et al., 2014) . However, the high 233 prevalence reported by Bartošová-Sojková et al. (2014) is very likely biased by low sample size (n 234 = 2). Tetracapsuloides sp. 5 was detected in kidney of gudgeon from the River Stour where the 235 prevalence of infection was 43.0%. Previous molecular investigation detected this species in 236 gudgeon in the Czech Republic, with prevalences of 33.0 and 91.0% 237 2014). We did not observe sporogonic stages in kidney tubules and thus cannot confirm the host 238 status of gudgeon. Nevertheless, recurrent detection of this species in gudgeon (Bartošová-Sojková 239 et al., 2014; Patra et al., 2016) often at substantial prevalences suggest that infection by 240 Tetracapsuloides sp. 5 is common. Further work is required to clarify the host status of gudgeon. respectively. We detected this species in dace from the River Stour (infection prevalence = 33.3%) 244 and in roach from Blickling Lake (infection prevalence = 53.8%) and Lake Lucerne (infection 245 prevalence = 5.5%). Grabner and El-Matbouli (2010) showed, in a cohabitation study, that B. 246 plumatellae was transmitted from bryozoans to carp and minnow. The collective evidence thus 247 suggests that of B. plumatellae is able to exploit a range of cyprinid hosts but it remains to be 248 confirmed whether roach and dace support sporogony.
249
Our detection of Buddenbrockia sp. 2 in stone loach is the first time this malacosporean has 250 been linked with a fish host. Hartikainen et al. (2014) It should be noted that no signals of kidney infection were observed when fish were dissected 258 to collect material for study, an observation in keeping with the general view that many myxozoan 259 infections are innocuous and/or have little impact on fish hosts (Schulman, 1990; Lom and Dyková, 260 1992) . It is also consistent with the weak or absent immune response, typically observed in natural 261 fish hosts of malacosporeans (Grabner and El-Matbouli, 2008) . Such inapparent infections almost 262 certainly contribute to the general lack of investigation of malacosporean infections in fish.
263
Notably, inapparency also characterised the infections of brown trout and white fish by T. 264 bryosalmonae, suggesting that environmental conditions and/or fish health status were not Stour and 87.0% in Lake Lucerne) suggest that many fish may have the potential to develop disease. 267 We should also note that in only some 12% of cases (4/33) where we obtained positive PCR 268 results were we able to detect malacosporean stages by ultrastructure in the paired kidney material 269 (Table 3 ). In some cases this was due to degraded material (e.g. dace). In other cases, this could because the infection has not yet matured. This is compounded by the inapparency of many 284 infections at the macroscopic level.
285
As shown here, a targeted approach employing associated SSU rDNA sequencing to confirm 286 infection status will at least identify what material to investigate. The alternative approach of 287 conducting transmission trials to confirm that infection is transmitted from fish to bryozoans 288 requires fish husbandry, and permits are often required for such work. We suggest a potential et al., 2011; Shpirer et al., 2014 , NSPs 1-7 Shpirer et al., 2018 are expressed in infected 292 kidney. The rationale is that polar capsules are only present in malacosporean spores and thus the 293 detection of such expressed genes would indicate spore development. In practical terms this would 294 involve preservation of kidney material in e.g. RNAlater and confirmation that these genes are not 295 expressed in pre-sporogonic developmental stages. Munoz et al., 1999; 2000; Liu et al., 2011) , which may also be associated with internal organelles 305 (Lukeš et al., 1993; Munoz et al., 2000; Redondo et al., 2008) . This glycoprotein likely protects 306 myxosporean spores from environmental degradation and maintains spore shape (Munoz et al., 307 1999; Kaltner et al., 2007; Estensoro et al., 2013) . Unprotected malacosporean spores degrade 308 relatively quickly upon release from fish (in <24 h) (de Kinkelin et al., 2002) compared to the 309 chitin-protected spores of myxosporeans. Accordingly, electron microscopy of mature 310 myxosporean spores reveals electron dense valves, and in immature spores an accumulation of 311 electron dense material (inferred to be valve forming material) is observed in the cytoplasm of 312 valvogenic cells (Adriano et al., 2009; Moreira et al., 2014; Morsy et al., 2016) . Fibrillar electron 313 dense material reported in valvogenic cells of Sphaerospora jiroveci forms a continuous layer enclosing the developing spore (Dyková and Lom, 1997) . Further studies are required to confirm 315 whether this electron dense material is chitin and whether its presence is characteristic of Switzerland, contributing to the growing evidence of a hidden diversity of vertebrate hosts that are 333 exploited by this myxozoan lineage. Further study is necessary to formally describe some of these 334 malacosporean species, to determine if gudgeon act as true hosts of Tetracapsuloides sp. 5, to 335 confirm that white fish are true hosts of T. bryosalmonae, and to ascertain whether B. plumatellae 336 is able to utilise both dace and roach as hosts. It is also clear that the two malacosporean genera are 337 not restricted to exploiting single fish families with Tetracapsuloides spp. exploiting members of We would like to thank you for the opportunity of resubmitting a revised version of the manuscript MS ID: PAR-2018-0350
Title: Malacosporean myxozoans exploit a diversity of fish hosts.
Below we describe how we have dealt with the various points raised by the reviewers and yourself.
Sincerely yours,
Dr. Juliana Naldoni, on behalf of all co-authors
______________________________________________________________________ Editor Comments
The referees find much of value in your manuscript, but they also raise a number of points that require your attention (specific comments from the referees are appended to the foot of this email). Please note: if your original submission did not include continuous line numbering, we will have added this to make the referees' job easier, and may also have undertaken some basic formatting. Therefore, you should use the version of your paper currently available on Scholar One for your revision.
I invite you to submit a revised manuscript that addresses these points. However, you will understand that this will have to be refereed again and, at this stage, I can give no assurance of subsequent acceptance.
Response:
We would like to thank the reviewers and the editor for their time in evaluating our submission and for their helpful comments. We believe that the revised version satisfactorily addresses the referees' various questions and concerns. Below we provide our responses following the various referees' comments. In addition we have highlighted Overall, I liked the manuscript, especially the success of the authors to prove several fish hosts as true hosts for the development of previously identified malacosporean species and thus aid to the knowledge of the biodiversity and host spectra of this fascinating parasite group.
The English language is of very good level and no corrections are needed.
Content wise, I have several points that require authors attention:
Lines 77-85: Regarding fish as putative accidental hosts, I would add a point that the malacosporean blood stages may have been detected in PCR positive fish though they may not finish their development in those fish hosts.
We have added this detail in lines 84-85 as:
"…malacospororeans could invade fish as blood stages that are detected by PCR of fish kidney but fish may not support subsequent development."
Lines 121-123: Why the published PCR conditions (Grabner and El-Matbouli 2010) have been modified for budd-f/budd-r primer combination? Did the authors aim at increasing the primer specificity? Include the explanation in the methods section.
The original cycling conditions were modified with the aim of increasing the primer specificity (lines 132-133).
Lines 139-140: Looking at Table 3 , the authors rather present pairwise dissimilarity matrix. Specify how long was the final alignment used for the matrix and if the original alignment was used or if some alignment editing was done.
We modified to describe as a "dissimilarity matrix". Alignment editing was not performed. Table 3 is now Table 4 and it has been revised and the number of Line 174: What is the proof these are mature spores? The polar capsules are not visible due to poor quality of the slide. I recommend omitting Fig. 2 D-E.
Response: Figure 2 was modified and Fig. 2A now shows spores with polar capsules developing in advanced developmental stages of spores (lines 190-192) .
Line 184: Did the authors aim at sequencing the sphaerosporid species? If yes, what was their status?
Response: Both hosts have been previously identified with sphaerosporid infections in Europe (Patra et al. 2018 and El-Matbouli and Hoffman 1996) confirming that our positive PCR for sphaerosporid infections was not surprising. Our aim was to characterise malacosporeans by sequencing and ultrastructure (not sphaerosporids). Response: A new Fig. 2A was inserted and it shows spores with polar capsules, and advanced developmental spore stages (lines 190-192 and 229) . Response: A reference to this bias has now been included in the manuscript (lines 232-234).
Line 250-251: It may also reflect the absence of favorable conditions for the malacosporean life cycles, e.g. for the growth of bryozoan hosts.
A good point -this has been inserted in the manuscript (lines 276-277).
Lines 266-268: It is generally a great idea but may bring several obstacles if not done with caution. I believe it is sufficient to say like formulated in the MS but if the authors plan to perform this research in the future a detailed preliminary study on the development of the target gene(s) in different developmental stages of a malacosporean is required to have an overall idea if those genes are not expressed before spore formation. In the case some (even if low) expression is encountered in the presporogonic stages, the threshold has to be wisely defined to make sure that particular expression relates to the presence of spore stage(s). Line 277: "The soft valves of malacosporean spores lack chitin". I believe it is very probably like the authors say but unfortunately I don't see any statement about this in the cited paper. The optimal approach would be to base such statement on an experimental study focused on examining such differences in spore structure. Please direct the reviewer to a specific part of the cited paper where chitin is mentioned or provide an alternative reference.
The above related comments are particularly helpful and we have revised the entire paragraph to clarify chitin production and distribution in myxosporeans and malacosporeans, adding various references (lines 299-316).
Line 279: "Sphaerosporid stages are not attached". This is not true and if no difference in the attachment strategy is found, it has to be excluded from the differential "diagnosis" of malacosporean and sphaerosporid sporogonic stages, as there are several good examples of Sphaerospora pseudoplasmodia attached to the host tissue cells: e.g. Jirků and Bartošová-Sojková (2014), Lom et al. 1985 , Lom e al. 1991 , possibly Chen et al. 2010 ...
We have revised the paragraph and have now excluded attachment of sphaerosporids as helping with differential "diagnosis".
Lines 280-281: "These organelles (that) are lacking in sphaerosporids". This has to be reformulated to be more accurate. Sphaerosporids are not lacking these organelles -they are present in the sporoplasm cytoplasm of every myxosporean, however, they have not been observed in the primary cells of sphaerosporids unlike in malacosporeans. Important trait may be that sporoplasomosomes of malacosporeans and myxosporeans differ in their location and also ultrastructurally (Canning et al. 2000 (Canning et al. , 2002 (Canning et al. , 2007 Morris and Adams 2006, 2007) -in the lack of the central lucent area in myxosporean sporoplasmosomes.
We have undertaken further examination of the literature and other evidence which leads us to believe that sporoplasmosomes are not going to be useful features for distinguishing malacosporeans from sphaerosporids. (lines 317-328).
Lines 281-283: This is a very vague statement and needs to be confirmed by some study that clearly proves that the electron dense material within the pseudoplasmodia relates to a sphaerosporid development. If existing, provide a reference. Response: This has been done. Fig. 1D : What is labeled by S -not present in the legend.
Response: It was inserted in the legend (line 556). Response: Figure 1E was replaced and the sporoplasmosomes are clearly seen in the primary cell shown in Fig.1E -D. Figure 2A was also replaced and the organization of the figure was modified. The sporoplasmosomes are now identified in the primary cell cytoplasm shown in Fig. 2C -D and commented on in the manuscript (lines 317-328). Fig. 2 . "...kidney tubules (t)..." I dont see a "t" label in any part of this figure.
The "t" is now in the new Fig. 2A . Response: The distinction is now made by using an asterisk to distinguish bryozoan host in Table 1 . 
Referee: 2
Comments to the Author Naldoni and colleagues present data on abundance of malacosporean parasites in multiple fish species from fish in rivers in England and Brazil, and England). This baselevel diversity and abundance data are important for this group of parasite, as fewer than 20 species are presently known, compared with closely-related myxosporeans, which are diverse and speciose (with probably many thousands of species).
This is a well-written paper and I have no hesitation recommending that it be published. I found only a few typographical errors (see line-specific comments below). I have a few comments about the methods and results, but these border on rhetorical and though they should be considered by the authors, they are not significant in terms of the publishability of the paper.
The most significant finding of the present study was that they did not find any additional malacosporeans, despite sampling novel fish species from diverse rivers (UK, Switzerland, Brazil, USA). The malacosporean species they detected by DNA sequence identity (and in some cases were able to describe with electron microscopy) were all observed previously in fish in mainland Europe. The other significant negative result is that no species were described in Brazil (where none are known), despite abundant myxosporean parasites there. These low/negative results inform our fundamental understanding of malacosporean evolution. This probably indicates constraints to malacosporean dispersal and diversity given the essential bryozoan host in all malacosporean life cycles (as opposed to myxosporeans and their annelid hosts). Naldoni et al., also demonstrate the effectiveness (albeit numerically challenging) to use EM to verify parasite development in PCR-positive fish, and thereby screen out incidental DNA-only detections.
A few questions regarding PCR approach: how general are the PCR primers you used for malacosporeans? Do you have any hypothesis or data on the rate that you may have "missed" finding malacosporeans, given that only PCR-positive fish were examined by EM…(this is a rhetorical questions I realize). I was wondering if your lack of diversity is an artifact of primer bias (i.e. more divergent malacosporeans were not amplified, and therefore missed?). Did you consider (or would you propose) a subsample of PCR-negative fish be checked by EM? (though I appreciate the points you make L252-256). I suggest the simplest approach might be to use more general primers on the kidney samples, and sequence every positive, maybe pairing known malacospecific primers with more general myxo primers. PCR is the cheapest/easiest part of the methods presented, and could be expanded in future studies.
Response:
We are grateful for the comments from this reviewer. The primers we used specifically amplify only malacosporean species so they are specific at this taxon level, detecting DNA of taxa of the two known genera (Tetracapsuloides and Buddenbrockia). We adopted this approach as we were specifically interested in malacosporean diversity and not diversity of other myxozoans. We cannot ensure that false negative PCRs did not happen, although the literature has shown that the primers MalaF and MalaR, previously used to detect positive samples are efficient. We have added that we trialled more general primers and that they did not work to detect malacosporean infection (lines123-124). We did observe that for many positive PCR samples malacosporean stages were not observed by ultrastructure. This is an important point that we overlooked because future researchers might be interested in how much effort is potentially involved in finding developmental stages by ultrastructure. We have now mentioned this in the Material and Methods (lines 161-163), Results (lines 209-210), and have summarised the data in Table 3 . We have again referred to this issue in our Discussion section (lines 267-271). Theoretically, we could have looked at all material fixed for TEM analysis even that which was negative for malacosporean infection by PCR analysis. This, however, was highly impractical in view of cost and time as is now much more clear by providing Response: This has been corrected (line 502).
